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BRIEF:  Three-dimensional  elemental  distributions  in  solid 
samples  are  determined  using  ion  microscopy  and  image  depth 
profiling. 


INTRODUCTION 


Digital  image  processing  techniques  have  recently  proved  useful  in  many 
fields  of  chemistry,  ranging  from  two-dimensional  gel  chromatography  (1)  and 
flame  analysis  (2)  to  secondary  ion  mass  spectrometry  (SIMS).  Recent  appli¬ 
cations  of  digital  image  processing  to  SIMS  have  demonstrated  the  feasibility  of 
extracting  quantitative  concentration  information  from  ion  micrographs  (3-11). 

This  paper  describes  a  method  of  performing  three-dimensional  elemental 
micrrcharacterization  of  solid  samples.  Secondary  ion  mass  spectrometric  image 
depth  profiling  (SIMS-IDP)  combines  the  elemental  spatial  distribution  infor¬ 
mation  of  the  ion  microscope  with  the  inherent  depth  profiling  nature  of  dynamic 
SIMS.  This  permits  the  extraction  of  three-dimensional,  multi-elemental  dis¬ 
tribution  information  from  a  sample  with  1-jim  spatial  and  5-nm  to  10-nm  depth 
resolution.  SIMS-IDP  is  most  useful  for  characterizing  solid  samples  which 
are  spatially  heterogenous  with  concentration  gradients  in  the  near-surface 
region. 

Two  application  s  of  SIMS-IDP  are  presented ,  in  order  of  increasing  dimen¬ 
sionality.  A  MOS  integrated  circuit  is  analyzed  with  simultaneous  multiple 
one-dimensional  depth  profiles,  and  an  ion-implanted  sample  is  characterized  in 
three  dimensions  by  stacking  a  series  of  two  dimensional  ion  images. 

EXPERIMENTAL  SECTION 

Instrumentation.  Ion  images  were  obtained  using  a  CAMECA  IMS-300  ion 
microscope.  This  ion  microscope  obtains  images  at  selected  mass/charge  ratios 
which  retain  the  original  spatial  relationships  of  the  elements  in  the  sample  (12) . 

The  microscopic  image  digital  acquisition  system  (MIDAS)  was  used  to  record 
the  ion  images  (9).  MIDAS  consists  of  a  low-light  level  T.V.  camera,  digital 
frame  buffer  (digitally  stores  a  256  x  240  x  12-bit  image) , .analog/digital 
converter,  computer,  graphics  display  screen,  and  associated  computer  software. 
Changes  from  the  original  MIDAS  description  include  the  use  of  a  f/2.0  zoom  leas 
fixed  at  100-ram  on  the  T.V.  camera,  and  an  LPS-11  analog-digital  converter  for 
T.V.  gain  digitization  and  potentiometer  interfacing. 
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Computer  Software.  Programs  were  written  in  FORTRAN  IV  and  MACRO-11 
assembly  language.  Three  separate  but  related  program  packages  were 
used  for  experimental  control,  data  acquisition,  processing,  and  analysis. 

PROBE  (13),  a  SIMS  depth  profiling  program,  was  modified  to  perform 

multi-area,  multi-element  image  depth  profiles.  Sampling  regions  of  interest 

are  defined  interactively  by  potentiometers  interfaced  to  the  computer. 

Each  rectangular  region  can  be  positioned  anywhere  on  the  image.  It  can  range 

in  size  from  one  pixel  (picture  element)  up  to  the  entire  image,  a  sampling 

2  2 

area  ranging  from~l  pm  to  over  60,000  pm  .  The  computer  treats  the  frame 
buffer  as  a  large  two-dimensional  array  of  intensities  containing  the  digitized 
ion  image.  PROBE  averages  the  image  intensities  inside  the  predefined 
regions,  converts  the  image  Intensities  to  ion  count  rates  (9),  records  the 
count  rates,  and  plots  the  resultant  data  on  a  graphics  display  device. 

Currently  an  arbitrary  maximum  of  thirty  individual  areas  can  be  monitored, 
at  the  same  mass  or  in  any  combination  of  masses. 

IMAGE  acquires  and  processes  MIDAS  images.  In  particular,  it  performs 
disk  input/output  of  images,  image  rotations,  and  maps  images  to  ion  intensity 
space.  Several  IMAGE  subroutines  for  data  acquisition  and  transfer  are  also 
incorporated  in  PROBE. 

IONPIX  (5)  performs  higher-level  image  processing  functions,  and  was 
used  for  digital  smoothing  and  "three  dimensional"  plotting. 

Samples .  The  analysis  of  two  samples  will  be  described,  a  MOS  device  and 
an  ion  implant  standard. 

The  MOS  integrated  circuit  consists  of  a  1  pm  thick  aluminum  strip 
deposited  on  a  thin  ('‘O.lpm)  silicon  dioxide  insulating  layer,  which  in 
turn  deposited  on  the  surface  of  a  silicon  substrate  (Figure  1) .  This  sample 
was  chosen  to  illustrate  the  analysis  of  a  multi-element,  spatially  heterogeneous 
material. 

The  second  sample  consists  of  two  perpendicular  sets  of  indium  (^^^In) 
stripes  implanted  in  a  highly  polished  silicon  (100)  substrate  (Figure  2) . 

The  sample  was  prepared  by  placing  a  metal  mask  with  20-pm  wide  parallel 
slits  spaced  150-pm  apart  over  the  substrate,  implanting,  rotating  the  mask 
90  degrees,  and  implanting  again.  This  procedure  is  described  in  detail 
by  Drummer  and  Morrison  (8) ,  and  Furman  and  Morrison  (9) .  This  ion  implant 
sample  was  selected  to  demonstrate  a  quantitative  application  of  SIMS-DIP  to 
a  relatively  well-defined  specimen. 
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Analysis  Conditions.  An  0^~  primary  ion  beam  at  an  energy  of  5.5  KeV 
relative  to  the  sample  was  uniformly  rastered  over  a  400-;im  x  400-jnn  area  on 
the  sample.  The  primary  ion  beam  current  was  1500  +/-  10  nA  for  the  integrated 
circuit  and  130+/-  5  nA  for  the  crossed  implant.  Positive  secondary  ions 
were  monitored.  Analyses  were  performed  at  a  residual  vacuum  of  10  Torr. 

RESULTS  AND  DISCUSSION 
27  + 

MOS  Integrated  Circuit.  An  A1  image  of  the  integrated  circuit,  as 

photographed  from  the  frame  buffer's  video  display,  is  shown  in  Figure  3.  A 
28  + 

Si  image  is  similar,  but  with  the  light  areas  dark  and  vice  versa.  Five 

sampling  regions  (as  numbere  in  Figure  3),  each  8  inn  to  10  pm  across,  and 

four  masses  (  Na  ,  A1  ,  Si  ,  SiO  ) ,  were  monitored  during  the  image 

profile:  a  total  of  twenty  parameters. 

Figure  4a  depicts  the  image  profile  of  Region  #1,  plotting  secondary 

ion  intensity  (arbitrary  linear  scale)  vs.  time  (related  to  depth,  not  necessarily 

27  + 

linearly) .  As  expected  (see  Figure  1) ,  the  A1  signal  remains  level  in  the 

pure  aluminum  region,  drops  sharply  at  the  Al/Si02  interface,  and  eventually 

reaches  a  background  level.  The  silicon  dioxide  concentration  was  monitored 
44  +  60  + 

with  SiO  Instead  of  SiO_  because  of  the  former's  stronger  signal.  The 

44  +  1  28  + 

SiO  signal  peaked  in  the  silicon  dioxide  layer,  as  expected.  Si  also 

peaked  in  the  silicon  dioxide  layer,  due  to  the  oxide  enhancement  commonly 

23  + 

found  in  SIMS  (14,15).  Na  was  observed  to  peak  in  the  silicon  dioxide 
layer,  indicative  of  possible  sodium  contamination  (though  possibly  also  due 
to  oxide  enhancement) . 

Region  #2  (Figure  4b)  is  also  located  on  an  aluminum  strip.  These  data 
were  obtained  from  the  same  images  as  Region  #1,  therefore,  under  the  same 
instrumental  conditions.  The  largest  intensity  gradients  (at  the  A^JiC^ 
interface)  are  super imposable  with  those  of  Region  #1,  implying  identical 
sputter  rates.  However,  the  two  curve  shapes  differ. 

SIMS-IDP  has  the  important  advantage  of  permitting  easy  visual  observation 
of  ion  images  during  the  course  of  the  image  profile.  In  this  manner.  Region 
#2  was  observed  to  undergo  a  roughening  of  the  aluminum  surface  along  with  an 
erosion  of  the  strip  edges  during  IDP,  decreasing  the  recorded  ion  intensity 
due  to  topographical  effects  (16).  Roughening  in  Region  #1  was  observed  to 
be  less  severe  than  in  Region  # 2,  perhaps  due  to  the  greater  area  of  the  latter, 
and  its  lack  of  edges.  A  conventional  depth  profile  of  the  sample  would  yield  a 
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convolution  of  the  profiles  of  Regions  #1  and  it 2,  and  not  indicate 
that  they  sputtered  differently. 

Figure  4c  shows  the  image  profile  of  Region  If 3.  Regions  itl,  and 

it 4  and  it 5  were  almost  identical,  thus  Regions  it 4  and  #5  are  not  shown. 

In  the  silicon  substrate,  flat  profiles  for  all  masses  are  anticipated. 

Instead,  small  peaks  are  observed  for  all  recorded  masses.  These  peaks 

can  be  attributed  to  two  factors.  First,  MIDAS  is  limited  to  a  dynamic 

intensity  range  of ''■'4000  within  a  single  image.  If  part  of  the  image 

is  bright  (i.e.  where  the  aluminum  is)  dark  areas  of  the  image  (silicon 

regions)  are  assigned  non-zero  ion  intensities.  A  second  contribution, 

27  +  44  + 

particularly  for  A1  and  SiO  ,  is  possible  redeposition  of  aluminum 

and  silicon  dioxide  sputtered  from  regions  of  higher  concentration 

(17,18).  It  should  be  noted  that  this  profile,  while  obtained  concurrently 

with  Regions  it  1  and  it 2,  starts  *~1  jim  lower  in  elevation  because  of  the 

three-dimensional  structure  of  the  integrated  circuit’s  surface. 

Ion  Implant.  An  11^In+  image  of  the  ion-implanted  silicon  (100) 

is  shown  in  Figure  5.  The  implanted  *^In  fluences  of  the  three 

15  2 

implanted  regions  are  as  follows:  Region  #1,  1.8  x  10  atoms/cm  ; 

Region  it2,  5.0x10^  atoms / cm^ . Region  it 3 ,  the  sum  of  Regions  itl  &  #2,  or  6.8xlQ^ 

2 

atoms/cm  .  The  rectangular  areas  of  integration  were  centered  on  the  numbers  in 

the  image,  each  —10  pm  on  a  side.  The  resultant  image  depth  profile  in 
figure  6  displays  the  expected  characteristic  Gaussian  distribution  (19) . 

The  sum  of  the  integrated  areas  (total  ion  counts)  under  the  curves 
of  Regions  it  1  and  it 2,  gives  (+/-8%)  the  integrated  area  under  Region  it 3, 
confirming  the  linearity  of  the  image  to  ion  intensity  conversion. 

Close  examination  of  Figure  6  reveals  that  Regions  #1,  itl  and  it 3 
peak  at  slightly  different  depths.  If  the  two  sets  of  stripes  were 
implanted  at  different  energies,  the  peaks  of  Regions  it  1  and  itl  would 
be  displaced  relative  to  each  other,  the  more  energetic  implant  peaking 
at  a  greater  depth  (19).  The  curve  of  Region  itl  would  then  be  a  convolution 
of  the  curves  for  Regions  #1  and  itl.  Since  Region  it3  does  not  peak  between 
Regions  It  1  and  itlf  this  is  not  a  convolution  due  to  differences  in  implanted 
ion  energies.  Surface  measurements  prior  to  SIMS-IDP  analysis  revealed  that 
some  small  amount  of  the  sample's  surface  is  sputtered  away  during  the  ion 
implantation  process.  The  higher  the  fluence,  the  more  sputtering  (20). 
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The  observed  differences  in  peak  depths  are  thus  due  to  the  different 
relative  starting  depths  for  Regions  #1,  it 2  and  it 3. 

Given  the  implanted  ion  energies  and  fluences,  the  duration  of 
sputtering,  and  the  final  crater  depth,  it  is  possible  to  convert 
observed  ion  intensity  to  concentration  (9,21),  as  well  as  to  convert 
the  time  of  acquisition  to  sputtered  depth  (22) .  Applying  these 
conversions  to  a  series  of  ion  images  recorded  at  several  different 
times  during  the  profile  produces  a  series  of  quantitative  two- 
dimensional  concentration  maps  at  known  depths,  for  a  net  three-dimensional 
characterization  of  the  sample.  This  is  depicted  in  Figure  7  where  each 
of  the  individual  ion  images  is  plotted  with  the  image  parallel  to  the 
x-y  plane,  and  the  concentration  along  the  z  axis.  Ths  listed  concen¬ 
tration  is  that  of  the  peak  intensity  of  Region  it 3.  Figure  7  was  produced 
using  IMAGE  to  rotate  each  of  the  ion  images  in  the  x-y  plane  (  to  show 
the  stripes  clearly)  and  convert  them  to  ion  intensity.  IONPIX  was  then 
used  to  smooth  the  images  with  a  boxcar  averaging  spatial  filter  for  noise 
reduction  and  then  plot  them  in  three  dimensions. 

The  characterization  of  the  MOS  sample  demonstrates  the  utility  of 
the  multi-area,  multi-element  analysis  capacity  of  SIMS-IDP.  Image  depth 
profiling  is  equivalent  to  performing  many  separate  depth  profiles  simul¬ 
taneously.  It  is  thus  an  inherently  fast  technique  because  of  the  way 
it  multiplexes  the  incoming  data.  Several  features  can  be  simultaneously 
analyzed  for  composition  and  depth.  These  features  can  then  be  compared 
to  each  other  without  resorting  to  multiple  conventional  depth  profiles 
and  the  concomitant  depth  calculations  which  assume  precisely  reproducible 
sample  sputtering  rates,  instrumental  sensitivity,  and  experimental  conditions. 

The  analysis  of  the  ion  implant  sample  demonstrates  how  quantitative 
three-dimensional  information  may  be  extracted  using  SIMS-IDP.  It  also 
demonstrates  how  large  quantities  of  complex  depth  profile  information  can 
be  made  rapidly  and  clearly  available  to  the  researcher  with  a  single 
picture  (e.g.  Figure  7),  as  opposed  to  many  two-dimensional  plots  (e.g. 

Figures  4a,  4b,  4c  and  the  plots  of  Regions  it 5  and#6,  not  shown). 


CONCLUSIONS 


Secondary  Ion  mass  ispectrometric  Image  depth  profiling  pioneers 
the  field  of  three-dimensional  elemental  concentration  analysis,  which 
promises  to  become  an  important  tool  for  both  fundamental  studies  and 
applied  materials  analysis.  SIMS-IDP  might,  perhaps,  be  better  described 
as  a  five-dimensional  analysis  technique —  where  the  fourth  dimension 
is  that  of  concentration  and  the  fifth  that  of  elemental  identity. 

Much  work  is  still  required  to  develop  and  refine  SIMS-IDP. 

Correction  of  the  data  for  features  starting  at  different  relative 
depths  and  for  differential  sputtering,  extension  of  the  dynamic  range 
of  MIDAS,  and  performing  three-dimensional  feature  reconstruction  are 
just  a  few  of  the  many  future  challenges. 

SIMS-IDP  and  any  similar  future  techniques  will  generate  enormous 
quantities  of  data  for  even  the  simplest  analyses.  The  challenge,  however, 
is  not  merely  to  gather  data,  but  to  extract  meaningful  information.  Proper 
interpretation  of  this  data  will  require  not  only  a  thorough  understanding 
of  the  instrumental  technique  involved,  but  also  a  careful  choice  of  data 
display  methods.  Three  and  higher-dimensional  images  will  be  essential 
aids  to  the  future  researcher’s  interpretation  aid  understanding. 
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CAPTIONS 


Figure  1  Schematic  of  MOS  integrated  circuit. 

Figure  2  Schematic  of  ^^In  ion  implant  standard.  Implanted 

15  2 

fluences  of  labeled  areas:  (1)  1.8  xlO  atoms /cm 

15  2  15  2 

(2)  5.0x10  atoms/cm  (3)  6.8x10  atoms/cm  . 

27  + 

Figure  3  A1  ion  image  of  integrated  circuit  showing  sampling 

regions,  each  8  pm  to  10  pm  across. 


Figure  4a, 4b, 4c  Image  profiles  of  Regions  1,2,3  of  integrated 
circuit. 

Figure  5  ^^In+  ion  image  of  ion  implant  standard.  Four  levels 

of  indium  concentration  are  defined,  as  shown  on  the  scale 
of  concentration.  Numbers  Indicate  locations  of  the  image 
profile  sampling  regions. 


115  + 

Figure  6  In  Image  depth  profile  of  ion  implant  standard. 


Three-dimensional  image  depth  profile  of  '*'‘''^In+ 

ion  implant.  Images  were  chosen  to  lie  at  approximately 

equally  spaced  intervals  on  the  signal  intensity  axis. 


Figure  7 
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